Summary. The Cook Strait between the two main islands of New Zealand affords an excellent opportunity t o study the channelling of induced oceanic electric currents between regions of much lower conductivity. We report here on simultaneous recordings of magnetic field variations on both islands and the voltage in a cable across the strait, which enabled us to determine the magnitude and direction of the channelled current. The observation of large currents approximately perpendicular to the direction expected in a homogeneous medium clearly demonstrates the dominance o f channelling over local induction in the Strait.
Introduction
Time-varying magnetic and electric fields associated with induced electric currents in the Earth have long been used t o probe the Earth's underlying conductivity structure. Since the suggestion by Price (1 964) that many induction problems reduce to calculating the local redistribution of large-scale current systems, the subject of 'channelled' currents has been controversial. As discussed in the review by Jones (1983) , the main point at issue is the extent to which currents are due to the local inducing field or are induced elsewhere and channelled into the region under study. An answer to this question is required for the correct deduction of earth resistivity values from the induction observations. Le Moue1 & Menvielle ( 1982) pointed out that channelling would give linearly-polarized anomalous magnetic fields at nearby sites, the size of the anomalous field showing a sinusoidal dependence on the direction of the inducing magnetic field. Such behaviour is seen near the Pyrenees, for example, and ascribed t o the channelling of currents assumed to be induced in the oceans (Vasseur et al. 1977) . However, for linear geometries there is still considerable ambiguity in distinguishing the effects of channelling from those of local induction in a highly conducting structure (Jones 1983) . It is therefore of interest to investigate the case of a highly-conducting channel with a right-angle bend, like the Cook Strait, where the effects of locally induced currents and currents channelled from elsewhere are more easily distinguished. Fig. 1 shows measurements taken during a series of three magnetic substorms. The sign of the H variation a t the Eyrewell observatory shows that in terms of an equivalent ionospheric current system New Zealand was beneath the eastward return currents associated with the westward electrojet (Kisabeth & Rostoker 1971) . These eastward return currents will be accompanied by westward image currents in the oceans, that are expected t o be in phase with the inducing magnetic field variations (Price 1967) . Vertical magnetic field variations measured a t Makara and Blenheim, on either side of the strait, show a reversal of phase which indicates a current through the strait. Throughout the two month recording period these variations correlated very closely with the north-south horizontal magnetic field variations a t Eyrewell, confirming the expectation that the induced currents were in phase with the inducing field. Recordings made of the voltage on an out-of-service power cable across the strait showed a slow sinusoidal tidal variation with shorter variations superimposed at times of geomagnetic activity. At a maximum depth of only 200 m , the cable sees essentially the same short-period electric fields as the seawater, both as regards the induced field and any electrostatic field. Therefore, the cable voltage determines the average component of the electric field across the strait. The short-period variations in the cable voltage also showed a close correlation with the horizontal magnetic field variations at Eyrewell. The close phase relation between all the records indicates that a direct current model may be suitable to interpret the observations. The cable voltage illustrated in Fig. 1 shows that during the substorms the western end of the cable is at the higher potential so the electric field in the strait has an eastward component. However, this is at a time when the induced currents in the adjacent oceans are westward. The electric field in the strait thus cannot even qualitatively be understood in terms of local induction.
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Results
New Zealand crossed the central meridian of the current system for the first substorm shown in Fig. 1 a t about 11.30 UT, as indicated by the eastward component of the disturbance at Eyrewell passing through zero. At that time, therefore, the induced currents in the open ocean were westward in geomagnetic coordinates. Calculations for a two layer model comprising seawater of depth 2 km over a resistive half-space indicate that for the magnetic disturbance observed the induced electric field would be of the order of 25 mV km-'. To obtain an approximate measure of the electric current through the strait from the observed magnetic fields the strait was modelled by sixty long conductors each 1250 m wide and 60 m deep. Given the extremely shallow depth of Cook Strait attenuation of the electric fields with depth at the frequencies concerned was assumed t o be negligible, thus equal currents were considered to flow in all the conductors. The magnetic field encircling each long conductor was calculated from the Biot-Savart law:
where B is in Tesla, po is the permeability of free space equal t o 4n x I is the current in amps, and R is the distance in metres from the centre of the conductor. The vertical magnetic field on either side of the strait was then modelled by summing the contribution due to the specified current in each conductor. The vertical magnetic field changes, between 1 100 and 1 130, of +80 nT at Makara and -25 nT at Blenheim indicate a current through the The direction and large size of the total field E we have observed (Fig. 2) may be understood as arising from charge accumulation associated with the conductivity discontinuity between sea and land. As the prevailing westward currents in the oceans encounter New Zealand, positive charges accumulate on eastern coasts and negative on western coasts. These charges produce a westward electrostatic field which forces an amplified current through the Cook Strait so as t o preserve current continuity. As this large westward current flows into the Strait, positive charge accumulates on the South Island coastline and negative charge on the North Island side, to produce a northeastward electric field across the Strait. The combined effect is t o produce the total field E we observe, which is just that required to drive the prevailing westward currents induced in the surrounding ocean through the geography of the Strait, taking advantage of the high conductivity seawater path. The effect of channelled currents is also evident in induction studies by lngham (1985) at several sites in the lower North Island (Fig. 3) for which single-station transfer functions have been determined. A hypothetical event analysis (described by Bailey et al. 1974 ) based on these experimental transfer functions showed that the effects of a long-period inducing field for the polarization shown in Fig. 3 could be quite well described by a direct current model. To the east of New Zealand. these currents were directed in a generally southerly direction as expected, and a southerly current was also evident in Cook Strait for periods below 2000 s. However, for longer periods, in particular 3162 s as shown in Fig. 3 , the current in Cook Strait was direction in a northwards direction, opposite to the overall expected trend, since the vertical fields t o the east of the strait were directed downwards. We suggest that this is another example of a channelling effect in which relatively large currents induced in the Hikurangi Trench east of New Zealand are obstructed by the Chatham rise and forced northwards through the Cook Strait by the resulting charge accumulation, against the electric field due to induction. This reversal effect does not occur for shorter periods. For these, local induction is dominant because the channelling of currents between distant regjons is diminished.
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Discussion
Our experimental situation reproduces some of the main features of Weidelt's (1977) numerical calculations of channelling in a high conductivity inclusion. In particular, the induced fields are largely in phase with the incident field and correspond t o a n 'ohmic-like' current following the high conductivity path. However, our situation is different in that our highly-conducting path connects regions which themselves have high conductivity. Weidelt's inclusion was conipletely surrounded by a low conductivity region. Consequently the 'anomalous' fields (to use Weidelt's terminology) are dominant in our case, rather than a small perturbation on the larger 'normal' fields as in Weidelt's example. A numerical channelling model involving a seawater path between two oceans has been investigated by McKirdy & Weaver (1983) . The scale of their model is much greater than that of the Cook Strait region, and their maximum period of 10 mins is smaller than those making up the disturbances shown in Fig. 1 . Nevertheless, these authors found that channelled currents would clearly occur and could flow perpendicular to the direction dictated by local induction, as seen in our observations. They also found an increase in the significance o f channelling with period, as evidenced by the single-station transfer functions for the lower North Island.
In conclusion, the main features of induced currents a t longer periods in the Cook Strait area can be understood in terms of a current induced in the surrounding ocean and channelled through the strait. This current differs widely from locally induced currents in magnitude and direction, the difference in direction being a right angle or even more. Our observations therefore give an unequivocal demonstration o f channelling.
